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ABSTRACT

A multilevel primitive equation, ocean circulation model with surface layer physics is used to study the
interannual variability of sea surface temperatures (SST) in the central midlatitude North Pacific Ocean.
Results from a 10-year model simulation (hindcast) driven by observed winds are analyzed and compared
with observations.

The hindcast SSTs exhibit a significant amount of nonseasonal variability despite being damped toward a
regular annual cycle by the thermal boundary condition at the surface. This variability is due to the horizontal
and vertical redistribution of heat by currents and by parameterized turbulence processes caused by the
winds. The resulting hindcast SST anomalies are correlated with observed SST anomalies at a statisticaily
significant level over a very large part of the central midlatitude North Pacific Ocean. This suggests that wind
forcing by itself, through the mechanisms noted before, makes an important contribution to the development
of SST anomalies in this area. The hindcast and observed SST anomalies do not compare well in the
northwest and in the southeast part of the midlatitude North Pacific, suggesting that local wind forcing by
itself is relatively unimportant for SST anomaly generation in these locations.

Throughout the midlatitude North Pacific, however, the hindcast SST anomalies are only about one-third
as intense as the observed anomalies. It is suggested that this discrepancy is due to the absence of forcing by
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anomalous surface heat fluxes in the model hindcast.

1. Introduction

In recent years, meteorologists and oceanographers
have become increasingly concerned about variations
in climate on monthly, seasonal, and interannual
time scales. Furthermore, they have come to recognize
that large-scale fluctuations in sea surface temperature
(SST), i.e. SST anomalies, are an intimate part of
such climate variations. As pointed out by Barnett
(1981), the problem of discovering the mechanisms
responsible for the creation of SST anomalies is
basicaily a problem of attempting to close the heat
budget of the upper ocean. Because of the well known
difficulties associated with that problem, it is still not
known for certain whether variations in net surface
heat flux serve primarily to create SST anomalies or
to damp them. In addition, the relative importance
of winds and surface heating for the generation of
SST anomalies in midlatitudes is not firmly estab-
lished.

At the present time, there is some evidence to
suggest that SST anomalies are generated by variations
in surface heat flux on relatively short time scales,
and that they are damped by heat flux variations on
relatively long time scales. For example, Kraus and
Morrison (1966) analyzed ocean weather ship data
from the North Atlantic and North Pacific, and they
found that on time scales shorter than a month, the
variance of the air-sea temperature difference is pri-

marily due to variations in the temperature of the
air, while on time scales longer than a month, the
variance is due more to variations in the temperature
of the sea. Theoretical evidence for the earlier state-
ment comes from a recent stochastic model study of
midlatitude SST anomalies by Frankignoul and
Reynolds (1983). In their model, the anomalies are
generated by stochastic forcing at short time scales
and they are damped by Newtonian cooling on a
longer time scale. Using a nonentraining slab model
of the oceanic mixed layer, Frankignoul and Reynolds
were able to reproduce the frequency spectrum of
observed SST anomalies over most of the midlatitude
North Pacific Ocean. More importantly, the required
ampthitude of the stochastic forcing and the decay
time of the model SST anomalies resemble observed
estimates of these quantities over large parts of the
North Pacific Ocean. Thus, a tentative zero-order
description of SST anomalies in the frequency domain
appears to be one of generation by stochastic forcing
on short time scales and decay by thermal damping
on longer time scales.

On the other hand, the evidence concerning the
exact nature of the forcing mechanisms that are
responsible for creating SST anomalies is somewhat
inconclusive at the present time. This is primarily
because the two major forcing fields, winds and
surface heat fluxes, are highly correlated, and because
present estimates of surface heat fluxes on synoptic
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and monthly time scales are very uncertain (Husby,
1980; Barnett, 1981; Weare and Strub, 1981; Elsberry
et al, 1982; Clancy and Pollak, 1983). Thus for
example, the primary lag relationship between sea
level pressure (SLP) and SST anomalies found by
Davis (1976, 1978) may be attributed to either anom-
alous Ekman advection in the ocean, or to anomalous
heat fluxes at the surface. The relative importance of
winds and surface heating for the generation of SST
anomalies has been investigated by means of initial
value experiments using numerical models (Haney et
al., 1978; Huang, 1979; Haney 1980). However these
case studies, like earlier ones (e.g., Namias, 1972),
have not demonstrated a dominant role for either of
these two forcing mechanisms. More recently, Fran-
kignoul and Reynolds (1983) used 28 years.of data
from the midlatitude North Pacific Ocean to compute
the variance of the SST anomaly forcing due to these
processes, and they found that the anomalous heat
flux term was almost four times larger than the
anomalous advection term. In addition to uncertain-
ties in the estimates of surface heat flux anomalies,
this result is based on the use of monthly mean winds
and a very coarse grid size to compute the Ekman
advection term. We therefore conclude that further
studies are needed concerning the specific role of
wind and surface heat fluxes in generating SST anom-
alies.

In the present study, the specific role of winds as
a cause of SST anomalies in the central midlatitude
North Pacific Ocean is investigated by means of a
model hindcast. The numerical experiment is pat-
terned after those of Busalacchi and O’Brien (1981)
and ‘Busalacchi ef al. (1983) who used a numerical
model of an idealized equatorial ocean basin to study
the linear response of the equatorial Pacific Ocean to
observed winds. In those studies, model pycnocline
variations were compared with sea level variations
observed at a number of island stations, thus providing
dynamical insight into the causes of the observed sea
level variability. In the present study the comparison
between model and observations is focused on the
SST because of its importance in air-sea interaction
and climate dynamics. The ocean model and the
numerical experiment are described in the next sec-
tion. Results concerning the annual cycle and the
anomalies are presented in the following two sections,
and a summary is given at the end.

2. The model and surface forcing

The present numerical experiment makes use of
the multilevel primitive equation model of Haney
(1980), improved by having much greater vertical
resolution and a new parameterization of surface
layer physics. The horizontal grid spacing is approx-
imately 3° longitude by 2° latitude over a closed
rectangular basin extending from the equator to 65°N
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and from 145°E to 125°W (Fig. 1). There are 20
levels in the vertical (12 levels above 600 m) with the
grid spacing increasing smoothly with depth (Fig. 2).
The undisturbed depth is 4 km; the bottom is flat
and the rigid-lid approximation is used. The model
has nonlinear horizontal eddy viscosity and conduc-
tivity, as well as a small amount of vertical eddy
viscosity (coefficient, K, = 5 cm? s™') and conductivity
(coefficient, K; = 0.5 cm? s™') appropriate for the
deep ocean. The lateral boundary conditions are
those of a thermally insulated basin with zero slip
everywhere except along the equatorial boundary
where free slip is used.

In order to simplify the model thermodynamics,
salinity has been neglected. Unfortunately, without
additional model simulations, it is not possible to
estimate quantitatively the effect of this simplication
on the model results. In the North Pacific Ocean,
salinity is certainly critical in determining the depth
of the permanent pycnocline in middle and high
latitudes, and fluctuations in salinity near the sea
surface affect changes in the upper-ocean - thermal
structure (Warren, 1983). A prominent feature in
previous numerical experiments (Haney, 1980) which
is attributed to the neglect of salinity is an excessively
deep model mixed layer during the winter season in
very high latitudes. This in turn leads to an un-
derprediction of wintertime SST variability (especially
cold anomalies) in such high latitude regions. How-
ever, as argued in Sections 3 and 4, the neglect of
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FIG. 1. The midlatitude North Pacific Ocean showing the closed
rectangular domain of the model (outer boundary) and the location
of the various data sets used in this study. The dashed rectangle is
the region in which the model hindcast SST anomalies are compared
to observed anomalies; the dotted rectangle is the Anomaly Dynam-
ics Study (ADS) area (White and Haney, 1978); the curves labeled
G, H and I are the tracks of the NORPAX drifting buoys; and the
cross shows the location of the plots of the hindcast annual cycle
displayed in Figs. 2-4.
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salinity does not appear to have influenced the results
significantly over the vast majority of the model
domain south of about 45°N.

The vertical mixing of heat and momentum by
surface layer processes occurs primarily as a result of
a new parameterization of dynamic (shear) instability.
This is done by vertically mixing both currents and
temperature whenever the local gradient Richardson
number (Ri) computed at the interface between model
levels, falls below a critical value (presently set at
0.25). In this procedure, the temperature and velocity
components at two adjacent model levels are vertically
mixed in such a way that 1) heat and momentum
are conserved, 2) the mixing ratios for heat and
momentum are equal and 3) the value of Ri after
adjustment is equal to the critical value. This proce-
dure, hereafter referred to as dynamic adjustment
(Adamec ez al., 1981), is quite similar to the methods
of Mellor and Durbin (1975) and Pacanowski and
Philander (1981) in that it produces down-gradient
fluxes of heat and momentum that are very large
only in regions where Ri is small. Although this
parameterization is not a true embedded “mixed
layer,” and vertical mixing due to turbulence gener-
ated by the direct action of the wind (surface shear
production) is neglected, the model results are prob-
ably not very sensitive to the particular mixed layer
formulation used. As shown by Martin (1985), the
most commonly used bulk and profile models of the
upper ocean produce similar annual cycles of SST
and mixed layer depth.

The most important model feature in the design
of the numerical experiment is the method of com-
puting the surface forcing. The surface stress and heat
fluxes are computed from bulk formulae [Haney et
al,, 1978, Egs. (2.12)-(2.15)] using prescribed fields
of atmospheric solar radiation, clouds, surface air
temperature, relative humidity and winds. The surface
stress is calculated using the wind-speed-dependent
neutral drag coefficient [Cp(V)] of Large and Pond
(1981), and the sensible and latent heat fluxes are
calculated using exchange coefficients that are pro-
portional to Cp(V). Except for the winds, the required
meteorological fields are taken from zonally averaged
monthly climatologies (Haney et al, 1978). The
surface winds, which are used in computing the
sensible and latent heat flux as well as the stress, are
obtained from 6-hourly surface analyses prepared by
Fleet Numerical Oceanography Center (FNOC) for
the period 1969-78. See Haney et al. (1981) for a
detailed description of the wind data, their processing
and their spatial and temporal characteristics.

It is important to note that the surface heat flux
computed from the above boundary condition will
always be such as to couple thermally the model
hindcast SST to a given (monthly climatological)
apparent atmospheric equilibrium temperature (Ha-
ney, 1971). Consequently, any SST “anomaly” that
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might tend to develop as a result of wind forcing or
other modeled dynamical processes will be thermally
damped by the computed surface heat flux. The
numerical experiment is therefore designed specifically
to investigate nonseasonal variability which is driven
by winds and damped by surface heating. The damp-
ing nature of the computed heat flux is best described
using a linearized form of the modeled equations for
the total downward surface heat flux, Q, which is

0 = y(TA* — SST). 2.1

Here, TA* is the apparent atmospheric equilibrium
temperature, SST the model surface-layer temperature
and v a coupling coefficient which depends on a
number of factors, the most important of which is
the surface wind speed. With mean climatological
winds ¥ =~ 25 W m~2 K™ (Haney, 1971), but with
the stronger synoptic winds used in the present study
v may be considerably larger, perhaps 50 W m™2
K~!. From (2.1), the SST anomaly decay time (Fran-
kignoul, 1979) for the present model (\™!) is given
by

A= pCohy™! 2.2)
where p is the density of sea water, C, the specific
heat of sea water, and # the depth of the mixed layer.
With & = 50 m and v = 50 W m™2 K~!, we obtain
A! = 50 days. For shallower mixed layers and/or
stronger winds, A~} will be much smaller. This value
is only an approximate value however, because (2.1)
is only an approximation to the surface thermal
boundary condition actually used. By comparison,
Frankignoul and Reynolds (1983) used A™' ~ 80
days, while Schopf (1983) used A\~! = 500 days in a
study of equatorial anomalies. The SST anomaly
decay time is discussed further in Section 4.

The model ocean was started from a state of rest
with a temperature that decreased linearly with depth.
At the surface the initial temperature was equal to
the annual mean value of the surface air temperature,
while at the bottom it was everywhere equal to 2°C.
The hindcast was started with the winds for 1 January
1974 and the integration was continued forward in
time for a total of 45 years. Since only 10 years of
wind data were used (1 January 1969-31 December
1978), at the end of each model decade (i.e., after 31
December 1978) the winds were reset to 1 January
1969 and the same 10 years of wind forcing were
repeated. The model ocean, however, was continually
advanced in time (spun-up) over the complete 45-
year period of integration. This was done in order to
allow sufficient time for the model upper ocean to
develop its own vertical thermal structure in response
to the surface heating. To reduce computer time, the
first 15 years of the simulation were carried out using
a grid size and time step twice as large as the one
described above. The results shown below are all
taken from the final decade, which is considered the
true hindcast for 1969-78.
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3. A typical annual cycle

In order to provide a framework for understanding
and interpreting the model hindcast SST anomalies,
we briefly describe a typical annual cycle in the model
central midlatitude North Pacific Ocean. Any 12-
month period would be sufficient for the present
purpose because the year-to-year variations (anoma-
lies) are very small compared to the annual cycle.
The period from July 1976 through June 1977 is
chosen for presentation because this is a time when
three satellite-tracked drifting buoys were in the North
Pacific Current as part of the NORPAX program
(McNally et al, 1983). Figures 2-4 show the time
evolution of the most important variables as a function
of depth at a single model grid point in midlatitude.
In all the plots, significant variability on a time scale
of several days to several weeks can be seen in
addition to a pronounced annual cycle. This “synoptic
scale” variability is the result of forcing by the observed
synoptic wind field.

At 40°N, the model upper-ocean thermal structure
(Fig. 2) undergoes a pronounced seasonal cycle with
an annual temperature range of 9°C at the surface.
The surface temperature is relatively well mixed
down to a depth that varies from about 10 m in
summer to more than 100 m in winter. These features
compare favorably with the climatological values at
this location (Robinson, 1976). At very high latitudes,
because of the neglect of salinity, the model tends to
predict a mixed layer depth that is considerably
greater than observed. As noted above, previous
numerical experiments indicate that this adverse affect
of neglecting salinity is significant north of about
45°N. Since the seasonal signal in Fig. 2 compares
favorably with the climatological values at this location
(see also Haney et al, 1978), such adverse affects do
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not appear to be significant in the main area of
interest in middle and low latitudes.

The hindcast currents (Fig. 3) also show variability
on synoptic and seasonal time scales. The strongest
currents and the most pronounced variability are
confined to the upper 50 m (10 m in summer). Here
the current speeds vary from 10-20 cm s™! in summer
to 20-40 cm s~! in winter. In Table 1, some of the
properties of the model currents at this location are
compared with those of observed currents computed
from the NORPAX drifting buoys. As noted above,
the time and location of the model data are specifically
chosen to approximate the time and average location
of the buoys (Fig. 1). The resulting comparison is
quite good. Integrated over the top 23 m (AVG), the
vector-averaged hindcast velocity (V) is toward the
east-southeast at 10 cm s™!, while the average speed
(S) is 15 cm s~ !. Both of these values are in very
good agreement with the drifter data.

However, the zonal and meridional current vari-
ances are almost twice as large in the model hindcast
as in the observations. This difference exists because
almost half of the variance of the near-surface currents
in the model hindcast is due to inertia motion. On
the other hand, inertia motion makes little or no

‘contribution to the variance of the observed currents

because the drifting buoys did not resolve such mo-
tions (McNally er al,, 1983). If the time series of
hindcast currents are low-pass filtered to remove the
inertia motion, and if the quantities in Table 1 are
recomputed from the resulting low-pass filtered cur-
rents, the values of #, ¥ and V are not changed, but
the average speed S, is reduced by 20 percent and
the variances are reduced by 50 percent. These smaller
variances, associated with motions at subinertial fre-
quencies, compare quite favorably with the variances
computed from the drifting buoys which were able
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FiG. 2. Typical annual cycle of model hindcast temperatures (°C) in the central North Pacific
(39°N, 152°W). Only the top 12 model levels (separated by tick marks shown on the left),
extending to 600 m depth, were used to make the plot. Note the stretched vertical scale.
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FIG. 3. As in Fig. 2 except for the current speed [(#2 + v?)'?] in cm s™' at 40°N, 152°W.
The current speeds were computed from the model currents at each 3-h time step and then
averaged over 36 h to produce a smoother field for plotting. Shading indicates speeds greater
than 20 cm s™* while the single contour is for a speed of 10 cm s,

to detect only the larger, synoptic scales of motion.
Although this comparison of currents with observa-
tions is admittedly quite limited, it suggests that the
model hindcast near-surface currents are representa-
tive of the observed currents in this part of the central
midlatitude North Pacific Ocean where the surface
flow is primarily wind driven.

The above results can be used to make an estimate
of the forcing of SST anomalies by horizontal advec-
tion of the mean temperature gradient in the model
ocean. The meridional gradient of mean SST in the
model ocean is a maximum in the region between
33 and 44°N where it is typically 0.01 K km™!. Based
on the hindcast current variances (Table 1), an ap-
propriate value for the meridional surface current
fluctuation on sub-inertial time scales is 7 cm s~
Using this value, we find

v'%(s—sT) ~7TX107Ks! 3.1

in the region of maximum SST gradient. This term
represents the generation of SST anomalies by merid-
ional advection of the mean SST gradient. Its variance,
5 X 1071 K? 572, is considerably larger than the
maximum computed by Frankignoul and Reynolds
(1983) from their data.

The role of turbulent mixing in the model upper
ocean can be seen from a plot (Fig. 4) of the gradient
Richardson number Ri. Since the dynamic adjustment
procedure was used during the integration of the
model hindcast, the value of Ri in Fig. 4 cannot be
subcritical. Because of the 36-hour averaging used to
make the plot, values of Ri < 1 indicate regions of
enhanced vertical mixing. Sporadic mixing events of
varying intensity are superposed upon a gradual
deepening of the turbulent (Ri < 1) region in fall and
a more rapid shallowing of this region in spring.
During this particular year, the major spring shallow-
ing of the seasonal thermocline in the model hindcast

TABLE 1. Statistical quantities computed from the model hindcast and from drifting buoy trajectories in the North Pacific Current. The
hindcast statistics are computed from the same 12-month period and model grid point shown in Fig. 3. Values are given for the top two
model levels (5 m and 16 m) and for their weighted average (AVG), the latter representing the mean flow in the upper 23 m. The buoy
statistics are for buoys G, H and I (McNally et al., 1983; Table 2) which were drogued to 30 m in the North Pacific Ocean (Fig. 1) during
approximately the same 12-month period used to compute the hindcast statistics. Shown are the mean zonal current #, the mean meridional
current b, the magnitude of the mean current velocity [V = (42 + %)), the mean speed [S = (12 + v»)'/?, the ratio R = V/S, the zonal
variance ('« and the meridional variance (v'v"). Units are cm s™! for velocities and cm? s72 for variances.

Depth o .

Data (m) u v | 4 S R u'u' o'y’

Model hindcast 5 11.9 —4.7 12.8 19.0 0.67 309 191
(40°N, 152°W) 16 7.6 -2.5 7.9 12.0 0.66 96 74
AVG 9.5 -3.5 10.0 15.0 0.67 189 125

Drifting buoys G 7.4 -2.5 7.8 15.4 0.51 85 148
(35-45°N, 167-130°W) H 9.3 —1.1 9.4 15.7 0.60 87 112

1 9.3 -1.1 9.4 15.5 0.61 105 97
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FIG. 4. As in Fig. 2 except for the gradient Richardson number (Ri) at 40°N, 152°W. Values
of Ri were computed from the instantaneous model variables at each 3 h time step and then
averaged over 36 h for plotting as in Fig. 3. Values less than 2.0 are shaded; values between
2.0 and 10.0 are contoured at intervals of 10.0; values greater than 10.0 (located below the

“Seasonal Thermocline™) are not. contoured.

did not occur at this location until early May, although
there was a brief, temporary shallowing in March
caused by a weakening of the current shear as seen
in Fig. 3.

As noted above, the use of synoptic wind forcing
produces strong inertia motion in the near-surface
layers of the model ocean. We have found that the
vertical shear of the inertial currents makes an im-
portant contribution to the hindcast vertical turbulent
mixing. This contribution can be estimated by com-
paring Fig. 4 with a similar plot (not shown) of Ri
computed after filtering the inertia motion from the
currents. Such a plot shows a somewhat smoother
pattern than that in Fig. 4 and the Ri = 1 contour is
about 20 m shallower during the cooling season
(October—March). Thus, without the inertia motion’s
contribution to the vertical current shear, the depth
of the quasi-isothermal layer of intense turbulent
mixing in the model ocean would be considerably
reduced, especially in winter.

The foregoing description is intended to document
the basic state of the model ocean and to characterize
its seasonal and shorter-term variability. The limited
comparisons with observations suggest that the model
hindcast near-surface temperature and current struc-
ture during a typical year is similar to that observed
in the central midlatitude North Pacific Ocean. The
focus is on the vertical and meridional thermal struc-
ture and on the near-surface current variability be-
cause these are the most important features for the
development of the model hindcast SST anomalies
which are analyzed in the next section. A more
extensive comparison between observed and modeled
climatological fields in midlatitudes using a similar
model is given by Haney ez al. (1978).

4. SST anomalies

In this section we analyze and compare the hindcast
and observed SST anomalies. As described previously,
such a comparison represents a model test of the
importance of wind forcing for the development of
SST anomalies in midlatitudes. All anomalies are
computed from the 10 years of monthly mean data
extending from January 1969 through December
1978. For both observed and hindcast data, an SST
anomaly for a given month in a given year is simply
the difference between the (monthly mean) SST for
the given month and year, and the (monthly mean)
SST for that month averaged over all 10 years. The
observed SST were kindly provided by Dr. J. Namias,
Scripps Institution of Oceanography, on a 5-degree
latitude-longitude grid covering the North Pacific
Ocean north of 20°N. The resulting anomalies were
subsequently filtered by the EOF (empirical orthogonal
function) method of Preisendorfer and Barnett (1977)
in order to extract the large-scale geophysical signal
for comparison with the hindcast anomalies. This
filtering technique was previously applied to these
data by Haney et al. (1983). The result is a “noise
free” SST anomaly field which accounts for 73 percent
of the variance contained in the original, unfiltered
SST anomalies. Frankignoul and Reynolds (1983)
also used this method to filter their SST anomaly
data with very similar results. The hindcast SST
anomalies were not filtered because they are consid-
ered to be “noise free” already.

As a typical example of the observed and simulated
anomalies, the (seasonal) SST anomalies for the last
year of the hindcast are shown in Fig. 5. During the
early part of 1978 a large coherent negative anomaly
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FIG. 5. (a) Observed seasonal SST anomalies for 1978, DJF is the average of December-February 1977/78; MAM
is the average of March-May 1978, etc. The original data have been filtered to retain only the large-scale geophysical
signal (see text). (b) As in (a) except for (unfiltered) hindcast SST anomalies.

spread slowly eastward over the central North Pacific
Ocean, reaching a maximum intensity of 2°C in
summer (Fig. 5a). This negative anomaly weakened
rapidly in the fall, as a positive anomaly of smaller
amplitude developed from the west during summer
and fall. Some of these features are also seen in the
hindcast SST anomalies (Fig. 5b). For example there
is a negative anomaly in the central North Pacific

Ocean during most of 1978, and it has a northeast—
southwest orientation which is similar to that of the
observed anomaly. However, the hindcast does not
reproduce the warm anomaly that was observed
during the latter part of 1978, and the hindcast SST
anomalies are generally much weaker than the ob-
served ones. The comparison shown in Fig. 5 is quite
representative of other years as well. The patterns of
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observed and hindcast SST anomalies usually show
some resemblence to one another, as in Fig. 5, and
the hindcast anomalies are typically much weaker
than the observed ones. Even in the central midlati-
tude North Pacific Ocean, where wind forcing of SST
anomalies is strongest, the hindcast anomalies are
typically only one-third the amplitude of the observed
anomalies.

Time series of hindcast and observed SST anomalies
for the entire 10-year simulation at several locations
in the central North Pacific are shown in Fig. 6. The
top and middle graphs are from locations where the
hindcast and observed SST anomalies are correlated
the best (Fig. 7). Variability on a range of time scales
is evident in both the observed and hindcast time
series. While the amplitude of the hindcast anomalies

1969' 70‘71 l72 '73|74 I75]76‘77]78
{40°N, 165°W)

ADS

0 b-As AJV\\LM)M««\W WV‘AVVV“W

1
75 76 77 78

1 1 1 1 i
1969 70 71 72 73 74

YEAR

FIG. 6. Time series of observed (thick lines) and hindcast (thin

lines) SST anomalies. The top and middle graphs are SST anomalies

at the latitude and longitude shown, while the bottom graph is the
SST anomalies averaged over the ADS area (Fig. 1).

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 15

N
50°

S

0

30

20°
160° E 180° 40°
FiG. 7. Correlation coefficient computed from the 10-year time
series of observed and hindcast SST anomalies at each grid point.
The region where the correlation coefficient is positive at the 95
percent significance level is shaded.

is clearly much smaller than that of the observed
anomalies, the timing and relative amplitude of the
observed and hindcast anomalies are quite similar.
Thus for example, at 40°N, 165°W the model hindcast
produced major negative anomalies in 1970, 1974- .
75, and 1976-77, and major positive anomalies in
1971-72, 1974, and 1976. These features, as well as
similar ones in the time series at 30°N, 150°W and
in the ADS area (White and Haney, 1978) coincide
quite closely with features in the corresponding ob-
served time series. This general agreement between
the hindcast and observed SST anomaly time series
suggests that most of the major SST anomalies at
these locations during 1969-78 can be explained, in
part, by local wind forcing only. The discrepancy
between the amplitude of the hindcast and observed
anomalies is examined below. It is worth noting that
all the time series in Fig. 6 are from regions of the
North Pacific Ocean where the mean winds are strong
and wind variability is large (Haney et al, 1981;
Haney et al., 1983). This is where wind forcing clearly
has the greatest potential for contributing to SST
anomaly development.

The comparison between hindcast and observed
SST anomalies over the entire North Pacific is revealed
by the correlation coefficients and their significance
levels shown in Fig. 7. As can be seen, the two fields
are positively correlated at a statistically significant
level over a large part of the central midlatitude
North Pacific Ocean. The correlations are insignificant
in the northwest and southeast parts of the North
Pacific. The statistical significance of the correlation
coefficients shown in Fig. 7 can be estimated by
normalizing the raw values by the large lag standard
error (o) computed from the two data sets being
correlated (Sciremammano, 1979). The values of ¢
computed from the observed and hindcast SST
anomalies (not shown) are fairly uniform over the
midlatitude North Pacific with an average value of
0.12. Correlation coefficients greater than 4¢ cover a
sizeable area in Fig. 7. Values greater than 20 ~ 0.24
cover much of the central North Pacific, and these
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are positive at the 95 percent confidence level. As
seen in Fig. 6 however, even in these regions where
the correlations are highest, the hindcast SST anom-
alies are much weaker than the observed anomalies.
The correlations in Fig. 7 are interpreted as follows.
In the model hindcast, SST anomalies are generated
only when fluctuations in the winds produce anom-
alous currents or turbulent vertical mixing which
then redistributes the existing (horizontal and vertical)
temperature structure. This must be true in the model
because, as described in Section 2, the heat flux at
the sea surface always acts to damp any SST anomaly
that forms. This mechanism is expected to be impor-
tant in the real ocean also, but only in those regions
where large variations in wind, and large gradients in
temperature exist simultaneously. These are the re-
gions where the hindcast SST anomalies and the
observed SST anomalies are best correlated. The
largest and most significant correlations occur in the
central North Pacific Ocean along and to the southeast
of the major midlatitude storm tracks. This is also
where Haney et al. (1983) found a statistically signif-
icant relationship between monthly anomalies of
U3 (surface friction velocity cubed), computed from
6-hourly synoptic wind fields, and monthly anomalies
of SST. The pattern of large correlations in Fig. 7 is
therefore physically realistic as well as statistically
significant. The low correlations in the northwest part
of the North Pacific may be due in part to the effects
on SST anomalies of eddies and meanders associated
with the Kuroshio Extension. Such eddy motions are
not resolved in the present hindcast because of the
coarse grid size used. The low correlations in the
southeast part of the North Pacific are attributed to
the fact that this is a region of relatively light winds
year-round. Wind forcing cannot be an important
factor in regions where the winds themselves are
weak. Excluding these two relatively small regions of
low correlations, the results shown here provide clear
modeling evidence that wind forcing by itself plays a
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significant role in the development of large-scale SST
anomalies in a large part of the central midlatitude
North Pacific Ocean.

Although a general analysis of subsurface anomalies
is beyond the scope of the present study, the vertical
structure of the hindcast temperature anomalies at a
single grid-point in the model North Pacific is shown
in Fig. 8. The grid point is located in the region
where the hindcast and observed SST anomalies are
highly correlated. It can be seen that the most signif-
icant temperature anomalies are confined to the
upper 50-100 m which is also where the largest
hindcast temperature gradients and current variabil-
ities are located (Figs. 2 and 3). Some of the anomaly
structures are characteristic of vertical mixing
“events,” e.g., a weak negative anomaly at the surface
with a stronger positive anomaly immediately below
it, as in 1976 and 1978. Others are more coherent
from the surface to 100 m. In either case however,
in the midlatitude region where the observed and
hindcast SST anomalies are well correlated, the hind-
cast anomalies are clearly associated with thermal
structures that are largely confined to the surface
layer. This result is consistent with the findings of
Barnett (1981) who analyzed 45 monthly AXBT
sections taken in the central North Pacific (along 158
and 170°W between 30 and 50°N) during a 4-year
period (1974-77) included within the present 10-year
hindcast period. We therefore see that in the central
North Pacific Ocean, the hindcast temperature anom-
alies not only correlate well with observations at the
surface, but they also have a vertical scale that is
similar to that which is observed.

Even in the central North Pacific Ocean, where the
hindcast and observed SST anomalies are well cor-
related and their subsurface expressions have similar
vertical scales, the hindcast anomalies are much
weaker than the observed anomalies (Fig. 6). This
discrepancy can also be seen in the power spectra of
these time series which are shown in Fig. 9. Over the
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F1G. 8. Model hindcast temperature anomalies from the central North Pacific Ocean as a
function of depth and time. The contour interval is 0.2°C, with the zero contour heavy,
positive contours solid and negative contours dashed.
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FIG. 9. Power spectrum of observed (thick lines) and hindcast
(thin lines) SST anomalies at the same locations as the time series
in Fig. 6.

range of periods from two months to 120 months,
the model hindcast consistently underpredicts the
power density of the observed SST anomalies. The
discrepancy is approximately an order of magnitude
at all frequencies except for the very lowest frequencies
where it is even greater. It follows that the total
variances of the two fields differ by approximately an
order of magnitude, and that the standard deviation
of the hindcast SST anomalies is only about one-
third the standard deviation of the observed anomalies.
It is important to note however that the spectrum of
the observed and hindcast SST anomalies in Flg 9
have essentially the same shape.
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‘5. Discussion

We now attempt to answer the basic question
addressed by this study. The question is whether or
not wind forcing by itself is the cause of SST anomalies
in midlatitudes. For the sake of the argument, suppose
that the observed SST anomalies are in fact due only
to the redistribution of heat in the upper ocean caused
exclusively by wind forcing. Since the wind driven
hindcast model underpredicts the observed SST
anomaly amplitude by approximately a factor of 3,
this discrepancy between the observed and hindcast
SST anomaly amplitudes would have to be due to
some kind of major deficiency in the hindcast model
itself. We now examine a number of potential model
deficiencies to see if they can account for such a
discrepancy.

Consider first the possibility that the magnitude of
the wind stress forcing is too weak. In the model
hindcast the surface stress is computed from 6-hourly
synoptic wind fields using a wind speed-dependent
drag coefficient. Furthermore, the hindcast variables
most directly related to the surface stress, the mean
and fluctuating surface currents, compare favorably
with observations (Table 1). In addition, the mean
horizontal and vertical temperature gradients in the
model hindcast also compare favorably with obser-
vations (Section 3). An exception occurs at high
latitudes in winter where the model vertical stratifi-
cation is too weak owing to the neglect of salinity.
However, since the SST anomalies are underpredicted
as much at 20°N (where salinity is not a critical
factor) as at 40°N (Fig. 9), this discrepancy does not
seem to be attributable to the neglect of salinity in
the model. From these considerations we conclude
that the large discrepancy between the hindcast and
observed SST anomaly amplitudes is not likely to be
due to unrealistically weak wind stress forcing or
weak internal temperature gradients in the hindcast
model.

Another potential explanation for the discrepancy
between the magnitude of the hindcast and observed
SST anomalies is the fact that vertical mixing due to
turbulence generated by surface shear production is
neglected in the model. The effect of such turbulent
vertical mixing can be parameterized by an entrain-
ment term proportional to U3 /A? in the equation for
mixed layer temperature (Kraus and Turner, 1967).
An entrainment term of this type is strongly dependent
on the magnitude of the wind stress, and therefore it
can produce a sizeable SST response to wind forcing.
While a complete analysis of the effect that such an
additional term would have on the present hindcast
results is beyond the scope of this study, it is certainly
not obvious that the effect would be a significant
increase in the hindcast SST anomaly amplitude. In
fact, it is very likely that a large part of the “new”
vertical mixing which would occur as a result of
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adding such a term to the hindcast model would
simply end up replacing, rather than adding to, the
wind generated vertical mixing which presently occurs
through the dynamic adjustment mechanism. This is
suggested by the fact that different upper-ocean mixed
layer models give relatively similar results even though
they are based on rather different principles (Martin,
1985). If that were to happen, the intensity of the
hindcast SST anomalies would not be increased at
all by the addition of the new term. As a result, it
does not seem that this potential explanation can
actually account for the factor-of-3 discrepancy be-
tween the observed and hindcast SST amplitudes.
From the foregoing considerations, we conclude that
the discrepancy is not likely to be due to processes
by which the hindcast SST anomalies are generated
by the wind stress forcing.

Consider now the processes by which the SST
anomalies are damped in the model hindcast. A
simple estimate of the time scales associated with the
horizontal and vertical eddy diffusion of heat shows
that these processes are entirely negligible compared
to the damping by the surface thermal boundary
condition. A careful analysis, however, shows that
damping by the surface thermal boundary condition
is not likely to be the cause of the discrepancy
between hindcast and observed SST anomaly ampli-
tudes. This is because the anomaly decay time (A™!)
has a relatively small effect on the amplitude of the
anomalies, but it has a relatively large effect on their
phase. A change in A\! that would increase the
amplitude of the SST anomalies by a factor of 3
would completely destroy the relatively good phase
relationship (correlations) that exists in the present
hindcast results. This can be shown quite easily using
theory from the stochastic forcing model (which is
considered to be a zero-order approximation to the
present hindcast model). Here one finds that

fFT(w)dw = F(0) f (@ + X)) 'dw

= 2 RN, (5.1)
2

where w is the frequency, Fr(w) is the SST anomaly
spectrum, and F,(0) is the level of the atmospheric
forcing spectrum in a suitable frequency range (Fran-
kignoul, 1979). The left side of (5.1) is the SST
anomaly variance, and the equation shows that A™!
would have to be increased by a factor of 10 in order
for it to increase the hindcast SST anomaly variance
by the order of magnitude that is needed to account
for the present discrepancy. At the same time, the
phase (¢) between the SST anomalies and the forcing
is given by

¢ = —arctan(w\ ™). (5.2)

From (5.2) we find that if A\~' were increased by a
factor of 10, the phase of the hindcast SST anomalies
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that have periods of the order of several months (the
present value of A~!, say) would be changed signifi-
cantly. This would clearly alter the good phase agree-
ment, i.e., correlation, that presently exists between
the hindcast and observed SST anomalies (Figs. 6
and 7). Furthermore, the present estimate of \™!
~ 50 days is in good agreement with the value
needed in order for the stochastic forcing model to
fit the SST anomaly spectrum at various weather
stations (Frankignoul, 1979) and over the central
North Pacific Ocean (Frankignoul and Reynolds,
1983). This consistency between the two estimates of
N1, one essentially from observations (Haney, 1971)
and the other from the stochastic forcing models, was
pointed out earlier by Gill (1979). From the above
considerations, we conclude that the discrepancy be-
tween the amplitude of the hindcast and observed
SST anomalies is not likely to be due to unrealistically
strong damping by the surface thermal boundary
condition used in the hindcast model.

In the previous paragraphs, we have supposed that
observed SST anomalies in midlatitudes are in fact
produced only by wind forcing, and we have searched
for a deficiency in the model hindcast that could
account for the wind driven model’s failure to repro-.
duce the observed SST anomaly variance. We have
essentially ruled out the potential deficiencies of weak
wind forcing, weak internal temperature gradients,
and excessive thermal damping at the surface. Our
analysis and model results therefore lead us to con-
clude that observed SST anomalies in the central
North Pacific are not caused by wind forcing alone.
That is, we conclude that the hindcast model is
reproducing the actual ocean’s response to wind
forcing (to at least a factor-of-3 accuracy), and that
this response fails to account for the observed SST
anomaly amplitude.

The above model results strongly suggest that
anomalous surface heat fluxes are essential for the
generation and maintenance of large-scale SST anom-
alies in midlatitudes. Winds alone simply can not do
it. Yet, as is apparent from (5.1), an additional forcing
term of sufficient magnitude, such as anomalous
surface heat fluxes, is quite capable of increasing the
SST anomaly variance. This result is consistent with
that of Frankignoul and Reynolds (1983) who came
to essentially the same conclusion about the domi-
nance of anomalous heat flux forcing of SST anom-
alies in midlatitudes by an entirely different method.
As described previously, their result is based on
comparing the variance of observed estimates of
anomalous surface heat fluxes with the variance of
observed estimates of Ekman advection computed
from monthly mean wind fields and observed tem-
perature gradients.

Since the observed and modeled SST anomalies
are generally in phase (Fig. 6) and thus positively
correlated (Fig. 7), the anomalous heat fluxes that are
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required to account for the observed SST anomaly
amplitude would have to be in phase in time and
space with the wind induced effects. Typical meteo-
rological situations in which this is thought to occur
include those of weak wind mixing, reduced sensible
and latent heat losses and increased solar heating in
calm, cloud-free areas of high atmospheric pressure,
and the opposite in regions of storms and low pressure.
Wind-induced advective effects in the upper ocean
are also correlated with heat flux anomalies. For
example, northwest winds at the surface, which tend
to reduce the SST in midlatitudes through horizontal
Ekman advection in the ocean, are usually advecting
colder and drier air, resulting in a greater heat loss
from the sea surface. It is precisely this correlation
between wind effects and surface heat flux effects,
and the resulting difficulty in separating the two
through observations, that provided the major moti-
vation for this study.

6. Summary and conclusions

The large-scale thermal response of the midlatitude
North Pacific Ocean to a long history of observed
winds was modeled and compared with observations.
The thermal forcing at the surface was such as to
damp the model SST toward a regular annual cycle.
The numerical experiment was thus a model inves-
tigation of the role of wind forcing for the generation
of SST anomalies in midlatitudes. The separate role
of wind forcing is not easily determined from obser-
vations alone because surface winds and surface heat

.fluxes are correlated, and present estimates of surface
heat fluxes are highly unreliable.

The model hindcast reproduces the major observed
features of the upper-ocean thermal structure and
current variabilities. In addition to simulating a re-
alistic north-south SST gradient, a direct result of
the thermal forcing at the surface, the hindcast also
reproduced the typical seasonal cycle of mixed layer
depth and vertical temperature gradient in the upper
ocean. Near-surface currents in the model central
North Pacific Ocean compare well with estimates of
the observed currents obtained from the NORPAX
drifting buoys.

The model hindcast SST anomalies are positively
correlated with observations at a statistically significant
level over most of the central midlatitude North
Pacific Ocean. Regions where the correlations are not
significant are in the Northwest Pacific, perhaps owing
to the effect on SST anomalies of the near-surface
eddy field associated with the Kuroshio Extension,
and in the southeast part of the North Pacific, where
wind forcing is generally light all year. In the central
North Pacific, the hindcast temperature anomalies
are largely confined to the mixed layer, in agreement
with Barnett’s (1981) analysis of four years of AXBT
data from the same area.
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Although the hindcast and observed SST anomalies
are highly correlated, the hindcast anomalies are
much weaker than the observed ones. The power
spectrum of hindcast and observed SST anomalies
shows that the model reproduces the shape but not
the amplitude of the observed spectrum. From theo-
retical considerations derived from the stochastic-
forcing model of climate variability, it is suggested
that the most likely cause of the discrepancy between
the hindcast and observed SST anomaly amplitude
is the absence of forcing by anomalous surface heat
fluxes in the hindcast experiment. This result is
consistent with that of Frankignoul and Reynolds
(1983) who computed the variance of SST anomaly
forcing due to anomalous surface heat fluxes and
found it to be several times larger than that due to
horizontal advection by wind driven Ekman transport.
This means that if we are to improve our understand-
ing of interannual variability of SST in midlatitudes,
reliable estimates of the anomalous surface heat fluxes
are required. Fortunately for this problem, there has
been some recent progress which indicates that im-
proved estimates of some of the heat flux components
may in fact be achievable by remote-sensing tech-
niques in the not too distant future (Gautier, 1981;
Liu and Niiler, 1984).
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